Changes and interrelationships among the cellular mechanisms that may regulate luteal progesterone synthesis during the bovine estrous cycle were studied. Corpora lutea (CL) were enucleated from 30 cows via a transvaginal incision on d ~ 7, 10, 13, 16 and 19 following estrus (estrus = d 0). Mean corpus luteum weight, and luteal pro .g~s.sterone and plasma progesterone concentrations increased (P<.05) from d 4 to 7 or 10, and declined following luteal regression (d 19 Plasma progesterone concentrations were positively correlated (P<.01) with UOR concentrations (r = .64), basal adenylate cyclase (r = .46), LH-activated adenylate cyclase (r = .52) and Gpp(NH)pactivated adenylate cyclase (r = .47) activities. Although progesterone was not correlated with OR concentrations, the total OR/CL was positively correlated (r = .43, P<.O1). The UOR concentrations, basal adenylate cyclase, LH-activated adenylate cyclase and Gpp(NH)p-activated adenylate cyclase activities were greatest from d 7 to 16 of the estrous cycle and were positively correlated with plasma progesterone concentrations.
bovine corpus luteum (CL; Hansel and Convey, 1983) . Antibovine LH results in luteolysis (Snook et al., 1969) ; whereas, administration of LH prolongs luteal lifespan in heifers (Donaldson and Hansel, 1965; Schomberg et al., 1967) . Addition of LH in vitro stimulates progesterone secretion by minced luteal tissue (Hansel, 1971) , luteal slices (Mason et al., 1962) and dispersed luteal cells. (Hixon and Hansel, 1979) .
Luteinizing hormone binds to a specific luteal membrane receptor and the LH-receptor complex activates adenylate cyclase, resulting in synthesis of cAMP. Although progesterone biosynthesis seems mediated by cAMP (Marsh, 1976; Niswender et al., 1980) , progesterone synthesis by large (>20/am) ovine luteal cells is independent of increased cAMP concentrations (Hoyer et al., 1984) . In cattle, unoccupied luteal LH receptors increase during CL development (Gospodarowicz, 1973; Rao et al., 1979; Fitz et al., 1980; Spicer et al., 1981) and 216 JOURNAL OF ANIMAL SCIENCE, Vol. 61, No. 1, 1985 decrease after luteal regression (Fitz et al., 1980; Spicer et al., 1981) . Similarly, basal adenylate cyclase activity increases during CL development and decreases during luteolysis (Fitz et al., 1980) . The changes and interrelationships among LH receptors, adenylate cyclase activity and phosphodiesterase activity in bovine CL are not well understood, nor have occupied luteal LH receptor concentrations been measured. The objective of this study was to determine changes in the cellular mechanisms that may participate in the development, maintenance and regression of the bovine corpus luteum during the estrous cycle. Specifically, changes in occupied and unoccupied LH receptor concentrations, basal and stimulated adenylate cyclase activities and phosphodiesterase activity were measured.
Materials and Methods
Animals. Thirty nonpregnant beef and dairy cows that had exhibited clinically normal estrous cycles before the initiation of the experiment were used. Animals were maintained in a pasture, fed corn silage ad libkum and were observed twice daily for estrus. Only cows that stood to be ridden by other cows were considered in estrus (estrus = d 0). Corpora lutea were enucleated through a transvaginal incision on d 4, 7, 10, 13, 16 and 19 following estrus. Corpora lutea from either beef or dairy cows were collected each day. Corpora lutea were removed from the same cows during different estrous cycles, resulting in six to eight CL at each time period, except for d 4. Eighteen CL were collected on d 4 and three CL were pooled to give six determinations. On any given day, only one CL from a given cow was used, and cows were allowed to undergo one normal estrous cycle between CL removal.
CL Collection. After collection, CL were divided and placed into .25 M sucrose buffer containing 25 mM-Tris HC1 (for receptor analysis) or 27% sucrose (w/w), 1 mM EDTA, 10 mM-Tris buffer (for determination of adenylate cyclase activity, phosphodiesterase activity and luteal progesterone concentrations). Buffers were chilled before CL collection and maintained in ice during transport to the laboratory.
For determination of receptor concentrations, corpora lutea were trimmed of excess tissue, weighed and minced. The tissue was then homogenized in 4 v (ml/g tissue) of .25 mM sucrose containing 25 mM-Tris HC1, pH 7.3 at 4 C. The homogenate was centrifuged at 1,000 x g for 30 min. The supernatant was then decanted and centrifuged again at 30,000 x g for 1 h. The final supernatant was discarded and the pellet resuspended in 1 v of 25 mM Tris-HCl containing 5 mM-MgC12, pH 7.3. Resuspended receptor fractions were divided into 1.5-ml aliquots and stored in liquid N2 for determination of unoccupied and occupied receptor concentrations. A further .2-ml sample of each preparation was stored at -20 C for protein estimation (Lowry et al., 1951) .
For enzyme assays, the luteal tissue was trimmed of excess connective tissue, weighed, minced and homogenized in 10 v of buffer with a polytron equipped with a PS-T10 head for two 20-s bursts with a 20-s delay. The homogenates were diluted twofold with buffer used for homogenization and frozen in liquid N2 until measurement of enzyme activity. Intact luteal tissue was' frozen in liquid N2 for quantiration of luteal progesterone concentration.
Measurement of Luteal LH Receptors. The binding of LH to unoccupied receptors (UOR) was determined by equilibrium saturation analysis and binding characteristics (receptor concentrations and dissociation constants) determined from Scatchard plots as described for porcine luteal tissue (Garverick et al., 1982) . In this system, equilibrium was attained by 12 h and maintained for at least 24 h; incubation was conducted overnight at room temperature. Each assay tube contained .2 mg of membrane protein, one of seven varying concentrations of NIH-LH-B8 (.38 to 25 ng) and 12s I-labelled HCG (CR121, 13,450 IU/mg; 25,000 to 30,000 cpm) in a final volume of .5 ml. All additions were made in 25 mM-Tris HC1 containing 5 mM-MgC12 and .1% bovine serum albumen (BSA). Nonspecific binding (< 3%) was determined in the presence of excess unlabelled LH (1,000 ng). Specific activity of the 12sI-labelled HCG was 30/~Ci//ag. Binding of other pituitary hormones was negligible as was LH and 12s I-HCG to fractions of heart, kidney and liver. When .05-, .1-, .2-and .4-mg receptor fractions of protein were incubated overnight, .33, .85, 1.59 and 3.34 ng LH, respectively, were bound (r = .99). Correlation coefficients (r) obtained by linear regression analysis of Scatchard plots averaged .90 -+ .02.
Luteal receptor concentrations occupied (OR) by endogenous LH were determined by elution of LH from plasma membranes with formic acid (Diekman et al., 1978) and quantification of the hormone by radioimmunoassay (Zaied et al., 1980) . Receptor preparations containing 10 to 32 mg protein were thawed, mixed and centrifuged at 30,000 x g for 1 h and the supernatant discarded. Two milliliters of .1 N formic acid, pH 2.4, were added to the tube containing membranes, and the membranes were resuspended and mixed occasionally for 2 h. Tubes were recentrifuged at 30,000 x g for 1 h and the resulting supernatant was decanted and lyophilized. After lyophilization, residues were dissolved in 2 ml of radioimmunoassay buffer and LH determined using .2 ml of each preparation. The intraassay coefficient of variation was 7.4%; LH was determined in one assay. Parallelism of eluted LH in the radioimmunoassay and recovery efficiency for the elution procedure were assessed by elution of LH from 1, 2 and 3 ml of a receptor preparation. Furthermore, LH was eluted from 2-ml samples of the same preparation after addition of 25 and 100 ng LH. Measurement of LH after extraction of 1, 2 and 3 ml of receptor preparation yielded .32, .76 and 1.08 ng LH, respectively, (correlation coefficient, r = .99, six determinations). Recovery of LH added to receptor preparations or buffer was 86%.
Adenylate Cyclase Assay. Adenylate cyclase activity was measured using a modification (Agudo et al., 1984 ) of a procedure previously described by Birnbaumer et al. (1976) . Luteinizing hormone (NIH-LH-B9) was added at 10 pg/ml and the nonhydrolizable guanosine triphosphate (GTP) analog, guanylylimidodiphosphate [Gpp(NH)p], was added to a final concentration of. 1 raM. In this system, the rate of adenylate cyclase activity was linear for at least 15 min. The reaction also was linear from .05 to .22 mg protein, which exceeded the range of all samples measured. Protein concentrations in the adenylate cyclase and phosphodiesterase assays were determined by the method of Lowry et al. (1951) .
Pbospbodiesterase Assay. Phosphodiesterase activity was determined by measuring the conversion of 3H-cAMP to 3H-5'-AMP (Agudo et al., 1984) . The rate of phosphodiesterase activity was linear for at least 20 min. The reaction was also linear from 5 to 50/~g protein, which exceeded the range of all enzyme samples assayed.
Steroid Assays. Plasma and luteal progesterone concentrations were quantified by radioimmunoassay using procedures reported by Cantley et al. (1975) for bovine plasma. In our assay, when 25, 50, 100, or 200/zl of different bovine luteal homogenates (n = 8)were assayed, .07, .17, .38 and 1.1 ng of progesterone, respectively, were recovered. The intraassay coefficient of variation for luteal progesterone was 5.5%. Percentage recovery of 3H-progesterone after extraction of luteal tissue was 96%.
The coefficient of variation and the extraction efficiency for plasma progesterone were 11.5 and 84%, respectively.
Statistical Analysis. All data were tested for heterogeneity of variance using Bartlett's test (Steel and Torrie, 1960) . Data showing heterogeneous variance were analyzed after using the transformation log10 (X + 1). One-way analysis of variance was used to test for changes over time in concentrations of plasma and luteal progesterone, unoccupied and occupied luteal LH receptors, CL weight and activities of adenylate cyclase and phosphodiesterase (Snedecor and Cochran, 1980) . Differences among days were determined by least significant difference (LSD). The increase of LH-activated adenylate cyclase and Gpp(NH)p-activated adenylate cyclase activities over basal adenylate cyclase activity was compared by using a one-way classification on differences, with days as classes. Means were compared with zero using LSD (Snedecor and Cochran, 1980) . Correlation coefficients (r) were calculated to indicate relationship among variables. Our analysis assumes CL collected from the same cow on different days of different estrous cycles are independent. upon the following factors: 1) circulating LH concentration, 2) LH receptor number and 3) dissociation constant of the receptor for LH. Plasma LH concentrations do not increase concomitantly with progesterone secretion during the 1urea1 phase of the estrous cycle (Garverick et al., 1971; Rahe et al., 1980) . Whether the relatively smaU change observed in affinity of the receptor for LH in the present study is a major factor affecting LH stimulation of progesterone secretion is unknown. However, dissociation constants were not correlated with progesterone secretion.
Results

CL Weight, Plasma and Luteal Progesterone.
The concentration of unoccupied LH receptors, however, was greatly increased during 1urea1 development and highly correlated with plasma progesterone concentrations. The number of luteal LH receptors and secretion of progesterone during the cycle have also been correlated in women (Lee et al., 1973) , rats (Hanciko and Kolena, 1975; Lee et al., 1975) , sheep (Diekman et al., 1978) , horses (Roser and Evans, 1983) and cattle (Rao et a1., 1979; Spicer et al., 1981) . Occupied receptor concentrations have not been previously reported in cattle and were not significantly correlated with any other variable measured in this study. The mean concentration of occcupied LH receptors did not change during the cycle, except for a slight decrease on d 7, following a period of rapid CL growth. However, total receptor occupancy was significantly correlated with the circulating plasma progesterone concentration, and total occupancy did increase fourfold from d 4 to 10 in this study. Occupancy may not be associated with luteal regression because occupancy did not decrease after luteal regression. Internalization of the receptor-hormone complex following luteal regression may not occur. Thus, less metabolic activity and breakdown of the receptor-hormone complex may be occurring.
In cattle, cAMP is reportedly an important mediator of progesterone synthesis (Marsh, 1976; Ling and Marsh, 1977) and the intracellular concentration of the cyclic nucleotide is probably regulated by changes in luteal adenylate cyclase and phosphodiesterase activities. Ling et al. (1980) reported that cyclic GMP was not involved in LH stimulation of progesterone synthesis in bovine corpora lutea. In the present study, changes in adenylate cyclase activities paralleled those in progesterone secretion and were positively correlated, suggesting interactions among LH receptor concentrations, adenylate cyclase activity and progesterone secretion. These results agree with a previous study in which there was a concomitant increase in the circulating progesterone concentration and basal adenylate cyclase activity during luteal development in cows (Fitz et al., 1980) . T-he decrease in adenylate cyclase activity in the present study on d 19 is in agreement with Fitz et al. (1980) , who reported a decrease in adenylate cyclase activity during PGF2 ~-induced luteolysis in cattle. During luteolysis in ewes and cows, plasma progesterone concentrations declined before LH receptor numbers; consequently, the initial luteolytic effect of PGF2~ was not a reduction in luteal LH receptor numbers (Diekman et al., 1978; Fitz et al., 1980) . A decrease in luteal adenylate cyclase activity was associated with a decrease in plasma progesterone concentration in sheep (Agudo et al., 1984) and cattle (Fitz et al., 1980) during PGF2c~-induced luteolysis. Furthermore, luteal regression in swine was accompanied by a decrease in luteal adenylate cyclase activity (Andersen et al., 1974) and a decrease in luteal cAMP concentration (Krzymouski et al., 1978) . A decrease in adenylate cyclase activity might result in lowered intracellular cAMP levels, thus decreasing progesterone synthesis (Marsh, 1976; Niswender et al., 1980) . It was beyond the scope of the present study to determine whether a decrease in adenylate cyclase activity preceded a decrease in circulating progesterone concentrations during luteolysis. In addition, decreased blood flow to the corpus luteum cannot be ignored as a possible luteolytic mechanism (Niswender et al., 1976; Inskeep and Murdoch, 1980; Niswender, 1981) .
Hormonal desensitization describes the refractoriness of a tissue to a particular hormone by down regulation of homologous receptors and(or) a decrease in the ability of adenylate cyclase to respond to hormonal stimulation. In the present study, LH did not greatly stimulate luteal adenylate cyclase until d 7. The decreased stimulation of adenylate cyclase by LH on d 4 may be the result of desensitization that occurred following the preovulatory LH surge or the low steroidogenic output of the tissue on d 4 may not require a highly responsive adenylate cyclase.
Guanylylmidodiphosphate stimulated adenylate cyclase activity relative to the basal activity at each stage of the cycle. Guanylylimidodi-phosphate binds to the regulatory subunit of adenylate cyclase in an irreversible manner and increases enzyme activity (Spiegel and Downs, 1981; Sternweiss et al., 1981) . This compound stimulates ovarian adenylate cyclase activity in pigs (Ryan et al., 1977) , sheep (Agudo et al., 1984) , rabbits (Birnbaumer et al., 1976) , rats (Birnbaumer et al., 1976) and cattle (Agudo et al., 1982) . Adenylate cyclase activity was stimulated by Gpp(NH)p but not LH on d 4. This suggests that the regulatory component of adenylate cyclase is present in luteal membranes on d 4; however, the ability of LH receptors to activate adenylate cyclase may be reduced. In addition, LH receptor concentrations on d 4 were lower than on other days. That the lower receptor numbers might explain the lack of responsiveness is substantiated by the positive correlation between receptor number and plasma progesterone concentration. On d 19, stimulation of adenylate cyclase activity by Gpp(NH)p was decreased compared with d 16; however, Gpp(NH)p stimulation of the enzyme on d 19 was significant relative to basal adenylate cyclase activity. Thus, adenylate cyclase activity is capable of being regulated in regressing corpora lutea as previously reported in ewes (Agudo et al., 1984) .
Endogenous hormone bound to bovine tissue may increase basal activity such that stimulation with exogenous hormone is reduced; however, there was no correlation between the occupied LH receptor concentration and basal adenylate cyclase activity. The number of unoccupied receptors, adenylate cyclase activities and plasma progesterone concentrations were correlated. Recently, Hoyer et al. (1984) demonstrated that an increase in intracellular cAMP concentrations in large (20 /~m) ovine luteal cells was not accompanied by an increase in progesterone secretion. Consequently, luteal adenylate cyclase activity may only have a permissive role in progesterone secretion, or progesterone secretion may occur by a cAMP independent pathway.
Phosphodiesterase is located in the cytosol and membrane fractions of most tissues and assists in regulating intracellular cAMP concentrations by hydrolyzing the cyclic nucleotide to 5'AMP (Thompson and Strada, 1978) . There is little information concerning phosphodiesterase activity in bovine luteal tissue. Marsh (1970) measured phosphodiesterase activity in bovine luteal homogenates and concluded that a decrease in the enzyme activity was not involved in LH stimulation of progesterone secretion. In the present study, there was a trend for phosphodiesterase activity to increase during the cycle, which agrees with a previous report in rats in which phosphodiesterase activity increased with age of the corpora lutea (Stansfield et al., 1972) . The increased phosphodiesterase activity on d 19 in cattle is in agreement with that occurring in ewes during PGF2t~-induced luteolysis (Agudo et al., 1984) . Whether an increase in phosphodiesterase activity subsequently reduces progesterone secretion is unclear.
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